Abstract. Nonsyndromic cleft lip and palate (NSCLP) is a common congenital deformity, often associated with environmental risk factors, including alcohol, smoking, drugs and radiation exposure. N-acetyltransferase (NAT)1 and NAT2 genes are involved in the detoxification and metabolic activation of numerous drugs and chemicals. The aim of the present study was to investigate whether genetic variations in these two genes and gene-gene interactions are associated with NSCLP. We investigated eight NAT1 tag single nucleotide polymorphisms (SNPs) and five NAT2 tag SNPs, selected from HapMap data. These SNPs were examined for associations with NSCLP in 204 patients and 226 controls. Strong evidence of an association with NSCLP was identified for rs4921580 in the NAT1 gene, and haplotype analysis supported these findings. We also found a significant difference between NSCLP and control groups for rs1041983 in the NAT2 gene. The results of gene-gene interaction analyses also indicated that the combination of rs4921580 (Cg+gg) x rs1041983 (Ct+tt) increased the risk of NSCLP. Thus, the present study provides evidence for the role of NAT1 and NAT2 variations in NSCLP, and indicates that interactions between the NAT1 and NAT2 genes may be important in susceptibility to NSCLP.
Introduction
Cleft lip with or without palate (CL/P) is one of the most common birth defects, affecting 0.5-1% of newborns worldwide. Nonsyndromic CL/P (NSCLP) accounts for 70% of CL/P cases, and is genetically distinct from syndromic CL/P. NSCLP is a complex disorder with a multifactorial etiology that involves genetic and environmental factors (1) . Alcohol consumption (2) , maternal active smoking (3), passive smoking (4), anti-epileptic drugs (5) and radiation exposure (6) are considered to be environmental risk factors for NSCLP; however, the biological mechanisms remain unknown. A number of studies have shown that the risk of NSCLP is associated with variants of genes that regulate detoxification pathways (7) .
The human arylamine N-acetyltransferases, NAT1 and NAT2, are important xenobiotic-metabolizing enzymes involved in the detoxification and metabolic activation of numerous drugs and chemicals. NATs have been identified to transfer an acetyl group from acetyl-CoA to the amino group of aryl hydrazines (including isoniazid and hydralazine) or arylamines (including p-aminosalicylate) (8) . NAT1 and NAT2 are enzymatically distinct, with certain aromatic amine or hydrazine drugs being preferentially acetylated by NAT1 (e.g., p-aminosalicylic acid and p-aminobenzoic acid) and others by NAT2 (e.g., isoniazid and sulfamethazine). Human NAT1 is ubiquitously expressed at various stages of development (9) . NAT1 protein and/or mRNA have been identified in every fetal and adult tissue examined to date, from as early as the blastocyst stage of development (10) ; NAT2 activity has also been reported in the placenta (11) . Folic acid is an essential vitamin in humans and is important in the prevention of neural tube defects. Several studies have shown that NATI is inhibited by folic acid (12) . Folic acid is catabolized to p-aminobenzoylglutamate (pABG), which is an endogenous substrate for arylamine NAT (13) . Transgenics for human NAT1 and knockouts for NAT2 have been investigated for susceptibility to Dilantin, hydrocortisone and 6-aminonicotinamide-induced orofacial clefting. Erickson et al (14) found that Nat2 significantly influences teratogen-induced orofacial clefting.
The aim of the present study was to characterize genetic variations in NAT1 and NAT2 genes, and to utilize data from case-control studies to investigate the association of single nucleotide polymorphisms (SNPs), haplotypes and gene-gene interactions with the risk of NSCLP in the Chinese population.
Materials and methods
Study population. A total of 204 NSCLP patients and 226 normal controls were included in this case-control study. Subjects in the control group had no congenital malformations of the body and no family history of genetic disease, were born in the same region as the NSCLP patients and had a male:female ratio that was as similar to that of the NSCLP group as possible. All the study participants were recruited between January 2010 and January 2012 from the Cleft Surgery Department of the Plastic Surgery Hospital, Chinese Academy of Medical Sciences (Beijing, China). Informed consent was obtained from each participant prior to enrollment in the study, and the study was approved by the ethics committee of Plastic Surgery Hospital, Chinese Academy of Medical Sciences, Beijing, China. General characteristics including age, gender, ethnicity, health status and birth defects were documented.
SNP identification and selection. Using the HapMap genome browser (http://www.hapmap.org/cgi-perl/ gbrowse/hapmap3r2_B36), based on the Han Chinese population in Beijing (CHB), eight tag SNPs (r 2 coefficient cut-off, 0.80; with a minor allele frequency of 0.05) were selected to capture the NAT1 region of chromosome 8. Five tag SNPs were selected for the NAT2 region of chromosome 8.
Genotyping. Peripheral blood samples (2 ml) were collected from each participant and frozen. Genomic DNA was extracted from a 200-µl aliquot of each sample using a Tiangen™ Genomic DNA kit (Tiangen, Beijing, China) according to the manufacturer's instructions, and was stored at -70˚C. All the SNPs were genotyped using the Sequenom MassARRAY matrix-assisted laser desorption/ionization time-of-flight mass spectrometry platform (Sequenom, Inc., San Diego, CA, USA). Primers were designed using a semi-automated method (Assay Design 3.1; Sequenom, Inc.); primer sequences are available on request. The call rate for each assay was set at >90%.
Statistical analysis. Data from the control and NSCLP groups were compared and analyzed using SPSS 17.0 software (SPSS Inc., Chicago, IL, USA), and HWE software (http://www. broad.mit.edu/mpg/haploview/) was used for assessment of the Hardy-Weinberg equilibrium. Based on the multivariable logistic regression method, the case-control association of genotypes in three inheritance models (dominant, recessive and additive) was examined, and these models were coded as follows for genotypes AA, AB and BB, respectively (assuming B is the minor allele): dominant 0 1 1 (AA vs. AB + BB), recessive 0 0 1 (AA + AB vs. BB) and additive 0 1 2 (trend test on B allele count). The odds ratios (ORs) and 95% confidence intervals (CIs) were provided. The association between each SNP and haplotype with NSCLP was estimated using Haploview software (http://www.broad.mit.edu/mpg/haploview/). For haplotype construction, genotype data from the case and control groups were used to estimate intermarker linkage disequilibrium (LD) by measuring pairwise D' and r 2 , and defining LD blocks. We used the CI method in the Haploview software to define an LD block with an extended spine when r 2 was 0.8. P-values were corrected for multiple tests with 10,000 permutations. To identify higher order gene-gene interactions in our samples, we used logistic regression analysis to calculate ORs and 95% CIs to search for gene-gene interactions in the case and control groups. The interactions between SNPs were classified in four groups using a dominant model. In each case, a wild-type genotype was evaluated as a reference. Since the research is exploratory and Bonferroni corrections are too conservative, Bonferroni corrections were not used.
Results
Study subject characteristics. A total of 13 SNPs were genotyped from NSCLP patients and normal controls of a Han Chinese origin. The mean age was 3.23±0.91 years old and the male:female gender ratio was 1:0.76 in the NSCLP group, while the mean age was 3.96±1.03 years old and the male:female gender ratio was 1:0.70 in the control group. The genomic position, nucleic acid composition and minor allele frequencies of the SNPs are shown in Table I . The HWE was calculated for all the SNPs; none of the SNPs among these groups deviated from the HWE.
Single SNP analysis. To evaluate the association between genetic variants and the risk of NSCLP, we compared NAT1 and NAT2 genotype frequency distributions in the NSCLP and control groups (Table II) . For NAT1, there was a significant difference in the allele frequency of rs4921580 between the NSCLP and control groups (P=0.0128); however, no significant difference was identified following a correction with 10,000 permutations (P=0.0872). The dominant model and Cochran-Armitage trend tests of rs4921580 demonstrated a significant difference (P=0.010 and 0.034, respectively). For NAT2, a Cochran-Armitage trend test of rs1041983 remained significant (P= 0.040) between the NSCLP and control groups.
Haplotype analysis. For NAT1, the Haploview program revealed that rs2410545, rs4921580 and rs17693097 were in the same LD block (Fig. 1A) . Haplotype analysis of polymorphisms in the NAT1 gene showed that SNP combinations were associated with the risk of NSCLP (Table III) . The GGG haplotypes were shown to have an increased risk of NSCLP (OR, 2.832; 95% CI, 1.437-5.584; P= 0.0093), which remained significant after correction with 10,000 permutations (P= 0.0191). For NAT2, rs11996129 and rs1961456 were in the same LD block (block 1), while rs1041983 and rs1799931 were also in the same LD block (block 2; Fig. 1B ; Table III ). There was no difference at block 1 or block 2 between the NSCLP and controls groups.
Gene-gene interaction analysis. A logistic regression model
was built to analyze rs4921580 in NAT1 and rs1041983 in NAT2. The combinations of rs4921580 (Cg+gg) x rs1041983 (Ct+tt) were significantly associated with NSCLP (OR, 1.983; 95% CI, 1.150-3.418; P=0.014; Table IV ).
Discussion
The results of the present study revealed a significant association of NSCLP with rs4921580 in the NAT1 gene and rs1041983 in the NAT2 gene. For the NAT1 gene, the GGG haplotype, including rs2410545, rs4921580 and rs17693097, was significantly associated with NSCLP. Analysis using a logistic regression model also showed that gene-gene interactions between NAT1 and NAT2 increased the risk of NSCLP.
Previous studies on NAT1 mainly focused on rs1057126 (T1088A) and rs15561 (C1095A). In a Californian population-based case-control study, the OR for isolated CL/P was increased (OR=1.7; 95% CI=0.97-2.9) among infants homozygous for 1095A compared with genotype 1095CC, while not for heterozygotes. There was an ~4-fold increased risk for isolated CL/P for the 1088AA genotype in the presence of maternal smoking. Similar to the 1088 polymorphism analysis, the AA genotype of the NAT1 1095 polymorphism modified risks for isolated CL/P and was associated with smoking with a 4-fold increased risk. The risk with the NAT1 genotype 1088AA + 1095AA in the presence of maternal smoking was higher compared with 1088TT + 1095CC (15) . A study on NAT1 1095 genotypes by Lammer et al (16) found a 2-fold higher risk for isolated CL/P among infants who were homozygous for the variant allele and whose mothers did not take multivitamins during early pregnancy. However, there were not any differential risks for clefts associated with maternal multivitamin consumption for the NAT1 1088 genotypes. Lie et al (17) did not identify an association between NAT1 and CL.
For NAT2, children heterozygous for the rs1799930 (G590A) variant were shown to have a 2-fold risk of NSCLP. Furthermore, the C-A-G haplotype of NAT2 (referring to the variants of the SNPs rs1799929/C481T, rs1799930 and rs1799931/G857A, respectively) has been associated with Recessive model
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Gene symbol rs number isolated CL in a Norwegian population. However, there was no indication of interaction between the NAT2 C-A-G haplotype in children and maternal smoking (17) . In case-parent triads, the overtransmission of NAT2 G590A was observed in an oral cleft group, while not in the control group (18) . A number of additional studies did not find an association between NAT2 and NSCLP (15, 19) To the best of our knowledge, this is the first study on the association of NAT1 and NAT2 genes with NSCLP using tagging SNP methods, and also the first study on a Chinese population. For NAT1, the results of the present study revealed that rs4921580 was associated with NSCLP, which has not been previously reported. Additionally, the rs2410545-rs4921580-rs17693097 haplotype (GGG) was found to have a 2.8-fold risk for NSCLP. According to the HapMap CHB database, rs15561 is located in the same LD block as rs4921880. However, an association between rs4921880 and NSCLP was not identified. This may be due to the use of different geographical populations, sample sizes or study methods. For NAT2, rs1041983 was found to be associated with NSCLP, which has not been previously reported. rs1041983 function is synonymous (cds-synon); no change occurs in the amino acid sequence of the protein. DNA mutations do not result in a change in the amino acid sequence of a protein; however, a recent study showed that the 'silent' polymorphism may lead to the synthesis of a protein product with the same amino acid sequence but with different structural and functional properties (20) . Therefore, rs1041983 should not be neglected and further studies are required. rs1799930 is located in the same LD block as rs11996129 in the HapMap CHB database. However, an association between rs11996129 and NSCLP was not identified. rs1799931 was not shown to be associated with NSCLP, which was consistent with the results of Lie et al (17) .
NAT1 and NAT2 are enzymatically distinct, with certain aromatic amines being preferentially acetylated by NAT1 (e.g., p-aminosalicylic acid and p-aminobenzoic acid) and others by NAT2 (e.g., isoniazid and sulfamethazine). Cornish et al (21) confirmed that NAT activity levels are strictly gene-dose-dependent and that NAT deficiency is not Table III . Haplotype analysis of NAT1 and NAT2 gene polymorphisms. Table IV . Results of gene-gene interactions using a logistic regression method. compensated for by other enzymes of xenobiotic metabolism. The deficiency of both NAT1 and NAT2 may impair the detoxification and metabolic activation of drugs (22) . In the present study, the combination of rs4921580 (Cg+gg) x rs1041983 (Ct+tt) was shown to increase the risk of NSCLP, which has not been previously reported. A possible explanation for this result may be that the mutation of the two genes results in metabolic abnormalities that are associated with NSCLP.
Erickson et al (14) found that Nat2 significantly influenced teratogen-induced orofacial clefting using transgenic and knockout animals. However, Sugamori et al (22) showed that Nat1/Nat2 double-knockout mice develop normally and do not suffer from any obvious phenotypic defects. This indicates that the mechanism of NAT1 and NAT2 requires further investigation. The present study had several limitations. Firstly, the sample size used was relatively small and other ethnic populations were not included. Secondly, NAT1 and NAT2 are associated with the detoxification and metabolic activation of numerous chemicals. In the present study, environmental factors during pregnancy, including alcohol consumption, maternal active smoking, passive smoking, anti-epileptic drugs and radiation exposure, were not investigated. Therefore, further studies are required.
In conclusion, despite limitations caused by the use of a small sample size, evidence in support of the association of rs4921580 in the NAT1 gene and rs1041983 in the NAT2 gene with NSCLP in a Chinese population was identified; haplotype analysis of the gene supported these findings, and gene-gene interactions between NAT1 and NAT2 were also demonstrated to play a role in the susceptibility to NSCLP. Further studies are required to investigate the association between NAT1 and NAT2, and NSCLP.
